Ovoperoxidase is one of several oocyte-specific proteins that are stored within sea urchin cortical granules, released during the cortical reaction, and incorporated into the newly formed fertilization envelope. Ovoperoxidase plays a particularly important role in this process, crosslinking the envelope into a hardened matrix that is insensitive to biochemical and mechanical challenges and thus providing a permanent block to polyspermy. Here we present the primary structures of two ovoperoxidases as predicted from cDNAs cloned from the sea urchins Strongylocentrotus purpuratus (AF035380) and Lytechinus variegatus (AF035381). We also present a proposed scheme for the post-translational processing of ovoperoxidase based upon comparisons between the cDNA and protein structures and taking into account previously published reports. The sea urchin ovoperoxidase sequences conform to a profile shared by members of a hemedependent animal peroxidase family, including the mammalian myelo-, lacto-, eosinophil, and thyroid peroxidases. Using in situ RNA hybridizations, we showed that the mRNA of S. purpuratus ovoperoxidase (4 kb) is present exclusively in oocytes, and is turned over rapidly following germinal vesicle breakdown. Taking into account our immunoblot and N-terminal sequencing data along with reports from similar peroxidases, we propose that ovoperoxidases are synthesized in a pre-pro form and proteolytically processed to result in the 70 and 50 kDa forms that are found in the fertilization envelope. The sequence and structural data presented here will facilitate our continuing studies of the biogenesis of cortical granules and the fertilization envelope. Additionally, since ovoperoxidase activities have been reported in a wide range of animals, these cDNAs will be useful in uncovering similar peroxidases used in the fertilization reactions of other metazoan eggs.
Introduction
At the moment of gamete fusion in sea urchins, a cascade of biochemical and morphological changes are induced within the cytoplasm of the egg. One of the most obvious morphological changes is the cortical reaction, whereby the cortical granules, having previously been docked on the inner aspect of the egg plasma membrane, fuse with the plasma membrane, and release their contents into the extracellular environment. The cortical granule contents interact with and modify the scant matrix of the vitelline layer to create a new extracellular matrix referred to as the fertilization envelope (Harvey, 1909; Somers and Shapiro, 1989) .
The newly formed fertilization envelope is rapidly converted to a hardened matrix that is resistant to both mechanical and biochemical assaults. This conversion is largely the function of a peroxidase activity, first detected in sea urchin eggs and described as a 'catalase' (Lyon, 1909) . The peroxidase activity was localized by electron microscopy to the cortical granules of sea urchins by Katsura and Tominaga (1974) , and later confirmed using immunogold labeling by . The activity was eventually attributed to a 70 kDa protein from cortical granule exudate that was isolated independently by Hall (1978) and Foerder and Shapiro (1977) , the latter authors having designated it as the 'ovoperoxidase'. Once released from the cortical granule, ovoperoxidase is incorporated into the incipient fertilization envelope via a Ca 2 + -dependent association with a second cortical granule protein, proteoliaisin (Weidman et al., Fig. 1 . S. purpuratus (SP OP) and L. variegatus (LV OP) ovoperoxidases share sequence identity with human myeloperoxidase (HSMPO) at regions instrumental in tertiary structure and heme interactions as shown by this ClustalW alignment. We have also included peptide sequences reported by Nomura and Suzuki (1995) from H. pulcherimus ovoperoxidase. Residues underscored by asterices are identical, those underscored by dots are similar. Predicted signal peptides are shown by shaded lettering at the N-termini. The arrow denoted with 'Hp peptide' represents the N-terminus sequence obtained from H. pulcherimus ovoperoxidase (Nomura and Suzuki, 1995) . The arrow denoted with 'core PO domain' at SP OP residue 122 denotes the beginning of the peroxidase activity domain (based on HSMPO crystallography) that was used for the tree analysis in Fig. 2 . Regions characterized by X-ray crystallography in HSMPO are presented as follows: proximal (P) and distal heme iron atom ligands denoted by black arrowheads, residues bound by ester linkages with the heme denoted by gray arrowhead, five residues forming a putative Ca
2+
-binding loop denoted by white block arrows, and three residues believed to form a pocket accommodating aromatic substrates are denoted by benzene rings. The peptide from S. purpuratus that was successfully N-terminally sequenced from a 65 kDa band of a non-reduced fertilization envelope preparation is denoted by an arrow with 'Sp peptide' and underlining at SP OP residues 275-282. 1985) . Anchored within the envelope by proteoliaisin, ovoperoxidase catalyzes the formation of dityrosine crosslinks between a subset of polypeptides. This reaction utilizes H 2 O 2 generated by the protein kinase C-stimulated, NADPH-dependent egg oxidase (Foerder and Shapiro, 1977; Heinecke and Shapiro, 1992) . The structural changes that occur during this rapid process were documented in a series of studies using quick freeze fixation followed by deep etching (Chandler and Heuser, 1979, 1980; Chandler, 1984; Merkle and Chandler, 1991; Mozingo et al., 1991) . Though neither the proteins nor cDNAs have been isolated from any animals besides sea urchins, ovoperoxidase activities have been reported in the fertilization reaction of many animals, including teleosts (Zotin, 1958; Lönning et al., 1984; Kudo et al., 1988; Oppen-Bernsten et al., 1990) , amphibians (Ostwald, 1907 ; however see Greve and Hedrick, 1978) , and mammals Schmell and Gulyas, 1980) , suggesting that the crosslinking activity of ovoperoxidase is a critical step in the early development of all deuterostomes.
In this study we report the deduced amino acid sequence of two ovoperoxidases. By sequence conservation, we assert that the ovoperoxidases belong to a heme-dependent peroxidase family that until recently was reported from only mammals (Kimura and Ikeda-Saito, 1988 ), but has now been documented in other metazoans including insects (Ng et al., 1992) , molluscs (Palumbo and Jackson, 1995) , and crustaceans (Johannson et al., 1995) . Through our RNA analyses, we provide evidence that ovoperoxidase originates solely from within the oocyte. And lastly, we provide a proposed scheme for post-translational processing of ovoperoxidase. The cDNA sequences described here shall provide useful information for future studies into the biogenesis of cortical granules and the oocyte-autonomous formation of the hardened fertilization envelope.
Results

Ovoperoxidases share identity with heme-dependent peroxidases
We isolated a 2771 bp clone (pSpOp6) from an S. purpuratus ovary cDNA library by using PCR primers designed to conserved regions of peroxidases (Nomura and Suzuki, 1995) , followed by plaque hybridizations. The insert contained a 2364 bp open reading frame, coding for a 788 amino acid ovoperoxidase polypeptide (Fig. 1) . Through BLAST analysis (Altschul et al., 1990) we verified that the sequence belonged in the gene family whose members include the mammalian myelo-, lacto-, thyro and eosinophil peroxidases as well as other peroxidases recently reported from various invertebrates. Using the S. purpuratus ovoperoxidase cDNA as a heterologous probe we then isolated several full length ovoperoxidase cDNAs from an L. variegatus ovary library as described above. The two sea urchin ovoperoxidases share 77% nucleotide, and 82% amino acid identity (Fig. 1) . Both of the open reading frames were predicted to have a consensus initiating methionine (Kozak, 1986) , signal peptide, and signal peptidase cleavage sites between residues 29 and 30, using the methods of Nielsen et al. (1997) .
To assess which portions of the ovoperoxidase sequences were most likely to contain the peroxidase activity, we aligned ovoperoxidase with human myeloperoxidase (E.C. 1.11.1.7), the structure of which has been resolved at 2.3 Å (Fenna et al., 1995) . In Fig. 1 we have highlighted distinct amino acid residues that were documented by X-ray crystallography to affect the tertiary structure of myeloperoxidase and were additionally found to be conserved with both ovoperoxidases. These include five residues contributing to a Ca 2 + binding loop (arrows), two histidines acting as ligands to the heme iron atom (black arrowheads; P, proximal), and two residues thought to be covalently bound to the heme through covalent ester linkages (white arrowheads). In pairwise alignments to the core domains of other peroxidases, the ovoperoxidases share most identity (36%) with human and pig thyroid peroxidases. The next closest identity scores came from peroxidases recently reported from two invertebrates, Drosophila peroxidase (34%) and crawfish peroxinectin (33%). To schematically display the relationship of the ovoperoxidases to other peroxidase subfamilies we performed tree analysis using a Clustal W alignment with other heme-dependent peroxidases, including an outgroup of horseradish peroxidase EC 1.11.1.7, cytochrome C peroxidase EC 1.11.1.5, and human peroxisomal catalase EC 1.11.1.6, which are not considered to be directly related to the animal peroxidase family. The two ovoperoxidases segregated away from the outgroup, agreeing with the hypothesis that ovoperoxidase is not a peroxisomal or plant type of peroxidase, and formed a separate tight cluster parallel to other subgroups of the animal peroxidase family (Fig. 2) .
Ovoperoxidase is synthesized by oocytes but not eggs or embryos
Through in situ hybridizations of S. purpuratus ovaries, eggs, and embryos, using a digoxigenin-labeled antisense RNA probe made from pSpOp6, ovoperoxidase was localized solely to developing oocytes (Fig. 3A) and was found to be lacking in embryos (Fig. 3C ) and somatic cells of the ovary (Fig. 3B) . In contrast, a control riboprobe made from cDNA coding for cleavage-stage histone, localized histone RNA as expected (Venezky et al., 1981) in the pronucleus of mature eggs, verifying that there is no cytological restraint that might inhibit hybridizations in mature eggs. Additionally, we collected total RNA from S. purpuratus ovaries, mature eggs, and embryos at the 32-cell, blastula, gastrula, and pluteus stages for northern blot analysis. Only one RNA band, approximately 4kb in length, was detected. Although 10 mg of RNA was loaded onto each lane, the single message appeared to be 50-100 times more abundant in ovaries than in mature eggs, and was undetectable in any of the embryonic tissues (Fig. 3E) . Similar results were seen in L. variegatus (data not shown), a species whose oocyte maturation lasts only 8 h. Therefore, we conclude that the breakdown of ovoperoxidase mRNAs at oocyte maturation is both rapid and specific.
Ovoperoxidase protein is selectively targeted and processed
To further confirm the identity of the cDNAs and simultaneously use them as immunocychemistry probes for ovoperoxidase, we produced a polyclonal antisera by immunizing rabbits with an E. coli expressed fusion protein consisting of a portion of the pSpOp6 cDNA coding for amino acids 261-788 in fusion with glutathione S-transferase. In sections of immature oocytes, the polyclonal antisera labeled granules distributed throughout the cytoplasm, consistent with the location of cortical granules before the onset of oocyte maturation (Fig. 4A) . In unfertilized eggs, the antisera signal was localized within a band of fluorescence at the periphery of the egg, consistent with the labeling expected from a tightly packed monolayer of cortical granules docked at the plasma membrane (Fig. 4B) . Following fertilization, the antisera label was detected solely within the raised fertilization envelope of one-cell staged embryos fixed by whole mount preparation (Fig. 4C) . In sections of fertilized eggs, antisera labeling was apparent in small fragments of adhering fertilization envelope, but no label was detected within the egg cortex (data not shown), suggesting that all of the ovoperoxidase is released during the cortical reaction and incorporated into the forming fertilization envelope. In immunoblot analysis of protein preparations from whole unfertilized eggs, cell surface complex, cortical granule exudate and fertilization envelopes, the ovoperoxidase antisera recognized bands at 70 and 50 kDa under reducing conditions (10 mM dithiothreitol, DTT) and only a single band of 65 kDa under non-reducing conditions (Fig.  4G ). Reduced fertilization envelope proteins from L. variegatus also contain bands of 70 and 50 kDa that are recognized by the S. purpuratus polyclonal antisera (Fig. 4G) .
To verify that the ovoperoxidase predicted from the pSpOp6 and pLvOp cDNAs is identical to that which is incorporated into the fertilization envelope, we submitted the 70 kDa band from reduced S. purpuratus and L. variegatus envelope protein preparations for N-terminal amino acid sequencing; however, both polypeptides were determined to be blocked. In contrast, an N-terminus sequence from H. pulcherrimus ovoperoxidase was successfully obtained by Nomura and Suzuki (1995) . The H. pulcherrimus sequence matches the S. purpuratus cDNA at residues 126-151 ( Fig. 1 ), making this region a candidate for the position of the blocked N-terminus of the S. purpuratus and L. variegatus ovoperoxidases. This result also suggests that post-translational cleavage events trim at least 126 amino acids off the N-terminus of ovoperoxidase. In a third attempt to obtain N-terminal sequence, we submitted the 65 kDa immunoreactive band from a non-reduced fertilization envelope preparation (as shown in Fig. 4G ). The resulting sequence, SLPSPAND, matches the pSpOp cDNA translation spanning residues 275-282, and closely resembles an internal sequence reported by Nomura and Suzuki (1995) from H. pulcherimus ovoperoxidase (XLPSPAID; Fig. 1 ). We hypothesize that this sequence represents the N-terminus of the ovoperoxidase fragment that is resolved as a 50 kDa band under reducing conditions, and that this band runs with the blocked 70 kDa band under non-reducing conditions because of a disulfide linkage, with a hypothetical 20 kDa fragment.
In summary, the translated cDNAs of the S. purpuratus and L. variegatus ovoperoxidases represent members of a new subclass of a heme-dependent peroxidase superfamily. We present evidence that the S. purpuratus ovoperoxidase mRNA appears specifically in developing oocytes followed by a rapid turnover at maturation. An antisera generated against an expressed recombinant version of the S. purpuratus cDNA was used to confirm that ovoperoxidase protein is contained within cortical granules throughout oocyte development, exocytosed during the cortical reaction, and incorporated into the fertilization envelope of nascent embryos. We propose that the S. purpuratus ovoperoxidase is synthesized as a pre-proprotein which is initially trimmed to a polypeptide beginning at Ala 126, with an apparent mass of 70 kDa. We suspect that in a fraction of the 70 kDa species, a subsequent cleavage occurs at Ser 275, perhaps by the cortical granule trypsin-like protease, resulting in a second ovoperoxidase species of 50 kDa.
Discussion
The fertilization envelope of the sea urchin embryo provides a permanent block to polyspermy and a protected environment for early embryonic development. It is analo- Fig. 3 . Ovoperoxidase mRNA is present exclusively in oocytes. (A) Oocytes accumulate high levels of ovoperoxidase mRNA, shown within a matrix of somatic accessory cells of the ovary that are negative for ovoperoxidase mRNA. Late in oogenesis, the ovoperoxidase mRNÀ is turned over, so that it is no longer detectable in eggs. (B) A low magnification view of a lobe of an ovary with many prominent eggs giving a honeycomb pattern, and associated developing oocytes that are strongly labeled. Within each oocyte, the nucleus is prominent by its lack of staining. (C) Ovoperoxidase mRNA is not detectable in eggs or any stage of development, including the gastrula stage shown here. (D) In contrast, eggs accumulate mRNA encoding the early histone proteins and these transcripts accumulate within the pronuclei (dark purple spots), whereas oocytes do not. A portion of an ovary with eggs and oocytes are shown interspersed with the somatic accessory cells, also void of the early histone mRNA. (E) Northern analysis of total RNA verifies that ovoperoxidase RNA is detectable primarily in ovaries, only faintly in eggs, but not at all in post-fertilization stages of development; 10 mg total RNA loaded in each lane. Abbreviations: e, egg; o, oocyte; p, pronucleus; g, embryo at gastrula stage.
gous to other egg-associated extracellular matrices such as the chorion in fish and insects, the fertilization envelope in frogs, and the hardened zona pellucida in mammals. This matrix must be resistant to sperm and bacterial proteases, yet be readily degraded by specific embryonic proteases that enable hatching of embryos at a defined time in development. The creation of the sea urchin fertilization envelope is fundamentally different, however, from the construction of typical vertebrate egg envelopes in that the major proteinaceous constituents of the sea urchin envelope are secreted after sperm fusion, requiring a rapid matrix deposition and hardening, rather than being gradually deposited and organized throughout the growth phase of the oocyte, as is the case with vertebrate vitelline envelopes and zona pellucidae.
Two ovoperoxidase cDNAs were identified by several criteria
The sequences presented in this report encode two ovoperoxidases as judged by several criteria. First, the amino acid sequence demonstrates its relatedness to other hemedependent peroxidases, including the H. pulcherimus ovoperoxidase. Second, the mRNA is detectable only in developing oocytes, suggesting that it is exclusively transcribed within the oocyte. Third, the protein immunolocalizes only in cortical granules of the oocyte and egg, and following fertilization it accumulates selectively within the fertilization envelope. Fourth, the N-terminal sequence obtained by Edman degradation of isolated ovoperoxidase protein matches that predicted from the cDNA. Therefore we are confident that the cDNAs shown here code for the cortical granule-specific enzyme historically designated as ovoperoxidase (Foerder and Shapiro, 1977) rather than representing other metazoan peroxidases that theoretically may occur in oocytes such as the peroxisomal catalase (Quan et al., 1986) or glutathione peroxidase (Mullenbach et al., 1987) .
Ovoperoxidase is related to other heme-dependent peroxidases
By sequence analyses, we propose that the ovoperoxidases are members of the heme-dependent peroxidase family that includes mammalian myelo, lacto, eosinophil and thyroid peroxidases. Although this gene family has previously been labeled as a 'mammalian peroxidase family', (Kimura and Ikeda-Saito, 1988 ) the ovoperoxidase sequences along with peroxidases reported from Drosophila, crayfish, and cuttlefish, confirm that this family of enzymes contains members responsible for a diverse group of functions and occurs across a wide range of Fig. 4 . Ovoperoxidase protein is present in cortical granules, exudate, and the fertilization envelope of embryos. Top row contains immunolocalizations visualized by epifluorescence using an ovoperoxidase polyclonal antisera (1:10) followed by Cy-3 conjugated goat anti-rabbit IgG. Bottom row contains Nomarski views of the same fields. (A,D) Punctate antisera labeling of oocyte cytoplasm reveals ovoperoxidase within the cortical granules of immature oocytes (identified by the presence of a large germinal vesicle) shown here in sections of ovarian lobes. (B,E) A broad band of antisera labeling at the cortex of an unfertilized egg demonstrates ovoperoxidase localization within cortical granules after their translocation and docking at the plasma membrane. (C,E) Antisera labeling in the fertilization envelope of a whole mount fertilized egg reveals ovoperoxidase incorporation in the envelope after being released from the cortical granules. (G) Ovoperoxidase isolated from whole egg (25 mg), cell surface complex (12 mg), cortical granule exudate (12 mg), and fertilization envelopes (2.5 mg) resolves primarily as a 70 kDa and a 50 kDa under reducing conditions (10 mM DTT) from both S. purpuratus (Sp) and L. variegatus (Lv) but is resolved as only a single 65 kDa band in envelopes under non-reducing conditions, denoted here as '−DTT'. Note that ovoperoxidase protein was enriched 10× in our envelope preparation compared to whole egg homogenates. Protein samples were separated by SDS-PAGE (7.5% gel) and immunolabeled with ovoperoxidase antisera (1:200). Abbreviations: gv, germinal vesicle (nucleus); ac, accessory cells (somatic cells); P, pronucleus; cg, cortical granules; fe, fertilization envelope; z, zygote (one cell-staged embryo). metazoan species (Ng et al., 1992; Johannson et al., 1995; Palumbo and Jackson, 1995) . Our parsimony and pairwise alignment analyses provide evidence that the ovoperoxidases most closely resemble the mammalian thyroid peroxidases (36%) and the crayfish peroxinectin (34%), while sharing essentially no identity with peroxidases from other gene families such as the yeast cytochrome C peroxidase (12%) or the peroxisomal catalase (17%). As a member of this group of animal peroxidases, the ovoperoxidase polypeptide is expected to support interactions with single Fe 2 + and Ca 2 + atoms, and harbor covalent ester linkages to a protoporphyrin IX-like heme molecule. Although ovoperoxidase is initially located within the cortical granule, its primary role as a crosslinking enzyme is carried out in its association with the matrix of the fertilization envelope. Two other invertebrate peroxidases have also been shown to function through association with the extracellular matrix: the D. melanogaster peroxidasin (GB U11052), shown to be secreted by hemocytes and incorporated into basement membranes (Nelson et al., 1994) , and the crayfish Pacifastacus leniusculus peroxinectin (EMBL X91409), described as a cell adhesion molecule of blood cells (Johannson et al., 1995) . Both of these proteins contain a peroxidase domain in combination with an extracellular matrix-associating domain. Similarly, ovoperoxidase has been shown to bind another cortical granule protein, proteoliaisin, which in turn, becomes associated with the matrix of the vitelline layer, thereby targeting ovoperoxidase to incipient fertilization envelope (Weidman et al., 1985) . Thus, as a critical component of the matrix of the fertilization envelope, ovoperoxidase should be added to this recently recognized group of proteins that combine a peroxidase domain with an extracellular matrix-associating domain (Nelson et al. 1994 ).
Ovoperoxidase is exclusively synthesized by immature oocytes
Our in situ RNA hybridizations and northern blot analysis provide decisive evidence that ovoperoxidase is synthesized exclusively by immature oocytes, and not contributed by accessory cells or other tissues of the sea urchin. The lack of ovoperoxidase RNA in mature eggs suggests a rapid and selective degradation of ovoperoxidase message once maturation proceeds. Besides documenting elements important for the regulation of ovoperoxidase synthesis, these findings provide evidence that ovoperoxidase may fulfill the need for a probe for oocyte-specific transcription, translation, and RNA breakdown during meiotic maturation. For instance, since the appearance of cortical granules is one of the earliest morphological changes that separates oocytes from oogonia, transcription of the ovoperoxidase gene should be an early indicator of the differentiation of primary oocytes from mitotic oogonia. Also, since the majority of mRNAs found within the oocyte are in a non-translatable storage state (Brandhorst, 1985) , characterizing the translation of ovoperoxidase RNA above this inhibitory background would offer valuable information on translation regulatory mechanisms of the oocyte.
Though diverse in function, many animal peroxidases favor tyrosine as a substrate
The reactions catalyzed by the heme-dependent peroxidases of animals fulfill a diverse and seemingly unrelated group of functions: ovoperoxidases crosslink the proteins of the fertilization envelope, thyroid peroxidases catalyze iodination and coupling reactions leading to the formation of triiodothyronine and thyroxin, and myeloperoxidases produce hypochlorite to defend against infectious microbes. Yet upon closer inspection, one common tendency among these three peroxidases is an interaction with tyrosine as a substrate. Ovoperoxidases form dityrosine crosslinks within the envelope proteins (Foerder and Shapiro, 1977) . Thyroid peroxidases specifically iodinate tyrosine residues of thyroglobulin, followed by coupling of the iodotyrosines to form triiodothyronine and thyroxin (Taurog et al., 1996) . And, although the substrate of choice for myeloperoxidase has been traditionally described as Cl − ions, tyrosines have also been shown to act as a substrate, most significantly in the aberrant formation of oxidized low density lipoproteins, leading to atherosclerosis (Marquez and Dunford, 1995) . A candidate position for the binding of aromatic substrates such as phenol, p-cresol, or resorcinol in myeloperoxidase has been elucidated by Hori et al. (1994) to lie at the entrance to the distal heme pocket of the peroxidase, where three Phe and one Arg residue lie in close proximity (three out of four of these residues are conserved in the ovoperoxidases; underscored by benzene rings in Fig. 1 ). It is likely that this position permits the interaction with the phenyl group of tyrosines allowing them to be substrates for ovoperoxidase, and other animal peroxidases (Marquez and Dunford, 1995) . It may also provide the structural environment permitting the inhibition of ovoperoxidase activity by p-aminobenzoic acid (pABA) (Hall, 1978) , or the inhibition of myeloperoxidase activity by phenol and p-cresol (Hori et al., 1994) .
Ovoperoxidase may be processed from a pre-pro form
The predicted molecular weight (MW) of the S. purpuratus ovoperoxidase is 88 581, as calculated from translation of the cDNA minus the predicted signal peptide. However, the ovoperoxidase isolated from eggs, exudate, and envelopes under reducing conditions is resolved as two immunoreactive bands with apparent MWs of 70 and 50 kDa, in agreement with isolations reported by others (Foerder and Shapiro, 1977; Deits et al., 1984) . Attempts to obtain Nterminus sequence from both the S. purpuratus and L. variegatus 70 kDa ovoperoxidase bands were unsuccessful, suggesting N-terminal blockage. However, the N-terminus sequence obtained from H. pulcherimus ovoperoxidase matches the sequence beginning at the Ala 126 of the S. purpuratus and Pro 125 of L. variegatus. This probably represents the position of the blocked N-terminus in S. purpuratus and L. variegatus ovoperoxidases, and suggests that ovoperoxidase is processed from a pre-proprotein form. The MW predicted from this position of the cDNA translation is 77 059, much closer to the 70 kDa value determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). This hypothetical Ala 126 N-terminus position is only 14 residues upstream of where the human myeloperoxidase proprotein is cleaved (Val 165) (Johnson et al., 1987; Fenna et al., 1995) , suggesting that heme interactions and peroxidase activity can be retained in the absence of the 164 amino acids N-terminal to this position. Once cloned, comparing the H. pulcherimus ovoperoxidase cDNA with its previously reported N-terminus sequence should resolve the question of proprotein cleavages in ovoperoxidases.
Evidence for cleavage further downstream of the proregion also exists. Although our reduced protein samples were determined to be blocked, we successfully obtained an Nterminal sequence from a non-reduced 65 kDa envelope band. The sequence matches the S. purpuratus cDNA translation beginning at position Ser 275, and matching an Endo Lys C digestion fragment previously reported from H. pulcherimus ovoperoxidase (Fig. 1) . It is tempting to speculate that the H. pulcherimus peptide did not actually represent a cleavage product of Endo Lys C, but was already present, as a naturally occurring subunit of ovoperoxidase. The predicted size of a polypeptide beginning at Ser 275 on the S. purpuratus cDNA would be 60.5 kDa, approaching the size of our 50 kDa immunoreactive band. As already mentioned, under reducing conditions, two ovoperoxidase species were consistently isolated: a 70 and 50 kDa band, however, under non-reducing conditions, only the 65 kDa band is resolved in envelope preparations. Perhaps the 50 kDa polypeptide begins at Ser 275, and under non-reducing conditions, remains associated with a smaller 20 kDa polypeptide, representing a cleaved N-terminal subunit. We believe that the 65 kDa un-reduced band that was submitted for N-terminal analysis contained three species of ovoperoxidase polypeptide chains: a large uncleaved 65 kDa protein that was blocked (and is identical to the 70 kDa band under reducing conditions), a 50 kDa cleavage fragment from the C-terminus, that was successfully sequenced, and apparently remains associated with a 20 kDa cleavage fragment from the original N-terminus, that is likewise blocked. We
have not yet isolated the hypothetical 20 kDa subunit.
A final speculative component of this cleavage scheme, that might correct for the inconsistencies between the size of the isolated 70 and 50 kDa band versus the size of cDNA translations beginning at Ala 126 (~77.1 kDa) and Ser 275 (~60.5) would be an additional C-terminal cleavage (Fig. 5) . Because the C-termini of the animal peroxidases share very little identity, this region probably functions in a tissue specific targeting role, rather than in enzyme activity. If the ovoperoxidase subunit was cleaved on the C-terminal side of, say the Arg 740, where the sequence identity with other peroxidases falls considerably, this would release a fragment of about 8 kDa. This subtraction would correct for polypeptides starting at Ala 126, and Ser 275, predicted to be 77.1 and 60.5 kDa without cleavage, to predicted masses of 69.1 and 52.5 kDa after C-terminal cleavage, virtually matching the apparent sizes resolved by SDS-PAGE.
The proposed cleavage at Ser 275 of ovoperoxidase resembles the post-translational trimming that has been documented in the other heme-dependent peroxidase, myeloperoxidase (Fenna et al., 1995) . After the myeloperoxidase proprotein is cleaved up to Val 165, an internal excision of ten amino acids occurs (clear box in Fig. 1 ), resulting in a small N-terminal subunit (108 aa) and a larger C-terminal subunit (466 aa), which are intertwined around the heme, but not disulfide bonded to each other (Fenna et al., 1995) . This intertwined structure implies that the association of myeloperoxidase with the protoporphyrin molecule must occur before cleavage, probably before trafficking to the azurophilic granule. Akin and Kinkade (1986) showed that the final cleavage of myeloperoxidase takes place within the granule compartment in human HL-60 promyelocytic leukemia cells, at a neutral pH. In sea urchin eggs, the cortical granule compartment is an acidic compartment, but the extracellular environment, consisting mainly of seawater, is neutral, or slightly alkaline, ranging from a pH of 7.5 to 8 (Deits and Shapiro, 1985) , suggesting that cleavage could theoretically occur subsequent to exocytosis. A convenient candidate for the ovoperoxidase cleaving enzyme is the cortical granule trypsin-like protease (Vacquier et al., 1972; Alliegro and Schuel, 1985) which fulfills the requirement for an enzyme that is activated at the higher pH of seawater. Consistent with the proposal of cleavage by a trypsin-like protease is the presence of an Arg residue on the N-terminal side of Ser 275, the proposed cleavage site. Although the presence of a small amount of the 50 kDa ovoperoxidase band in whole egg, cell surface complex, and exudate preparations (Fig. 4) is inconsistent with this hypothesis, we suspect that these 50 kDa bands represent an artifactual cleavage occurring during sample preparations. We base this interpretation on three lines of evidence: First, the smaller ratio of the 50 kDa band to the 70 kDa in these pre-fertilization preparations (1:50) compared to the higher ratio detected in the envelope preparation (1:3) suggests to us that the envelope contents reflect a more substantial and therefore more probable collection of cleavage products. Secondly, past work characterizing the natural onset of activity of the cortical granule trypsin-like protease (Alliegro and Schuel, 1985) corroborates our suggestion that ovoperoxidase cleavage is more likely to take place after exocytosis, rather than before. We believe that the relatively greater amount of the 50 kDa species in the envelope preparation reflects a longer exposure of the 70 kDa species to the protease, through the naturally occurring activity of the cortical reaction. And thirdly, the fact that the fertilization envelope, itself, is virtually free of the cortical granule protease (Alliegro and Schuel, 1988 ; S. Haley, unpublished zymography results) argues against artifactual cleavage in the envelope preparation, as opposed to the high amounts of protease activity in the exudate, which even in the presence of inhibitors may be responsible for premature cleavage of content proteins. Though we propose that the 50 kDa species is derived from the 70 kDa polypeptide, only a fraction of the 70 kDa species appears to be cleaved, thus the primary ovoperoxidase species within the envelope remains the 70 kDa form. One explanation that could account for the limited cleavage of the 70 kDa species is that immediately after cortical granule release, ovoperoxidase is rapidly sequestered and crosslinked into the rising fertilization envelope, a location that may provide the protection or physical separation necessary to inhibit further cleavage by the protease.
Conclusion
In conclusion we present the first complete primary structures for ovoperoxidases as predicted from cDNAs of two sea urchins, S. purpuratus and L. variegatus. This structural data confirms the previous suspicions that ovoperoxidases resembled enzymes that were active in phagocytosis, namely the myelo-and eosinophil peroxidases (Foerder and Shapiro, 1977; Klebanoff et al., 1979; Nomura and Suzuki, 1995) . By alignment and tree analysis we provide evidence that the ovoperoxidases are a bona fide subfamily of the heme-dependent animal peroxidase family. Our immunologic studies confirm earlier reports that ovoperoxidase protein is present in the cortical granules of immature oocytes and mature eggs (Katsura and Tominaga, 1974; , that it is released in the exudate of the cortical reaction, and that it is incorporated into the extracellular matrix of the newly formed fertilization envelope. Our northern blot and in situ RNA hybridizations provided the first definitive evidence that ovoperoxidase originates in the oocyte at the RNA level, suggesting an oocyte-specific promoter activity and negating any suspicions of a heterosynthetic origin of the enzyme. The single RNA species also suggests that the two ovoperoxidase forms found in the envelope (70 and 50 kDa) represent proteolytic variants of the same initial protein precursor. Finally the N-terminal sequence analysis of the 65 kDa unreduced envelope protein verifies by biochemical means that the protein predicted from our cDNA sequence is in fact synthesized, released, and incorporated into the fertilization envelope.
Taking into account our own analyses with previous studies of H. pulcherimus ovoperoxidase (Nomura and Suzuki, 1995) , and myeloperoxidases, we suggest that ovoperoxidase is translated as a pre-proprotein and is processed by post-translational cleavage of an N-terminal signal peptide followed by cleavage of a pro-peptide (Fig. 5) . We propose further that in the S. purpuratus a fraction of the 70 kDa ovoperoxidase polypeptide is subsequently cleaved to a 50 kDa polypeptide, resulting in an envelope that contains both the 70 and 50 kDa forms. The 70 and 50 kDa polypeptides have previously been documented to display enzymatic activity (Deits et al., 1984; Deits and Shapiro, 1986) , so that both of these species may contribute to the crosslinking role of ovoperoxidase in formation of the fertilization envelope.
Materials and methods
Animals
Adult Strongylocentrotus purpuratus were obtained from Marinus (Long Beach, CA, USA) and kept in 15°C artificial sea water until needed. Adult Lytechinus variegatus were collected in Biscayne Bay and kept in room temperature (20°C) artificial sea water until needed.
cDNA library screens
A lZAP cDNA library (Stratagene, La Jolla, CA, USA) was constructed from Strongylocentrotus purpuratus ovary RNA that was selected by oligo-dT chromatography (Laidlaw and Wessel, 1994) . To isolate cDNA clones representing ovoperoxidase, degenerate primers were designed according to regions of conserved primary structure between Hemicentrotus pulcherimus ovoperoxidase and other mammalian peroxidases (Nomura and Suzuki, 1995) . The primer sequences used were (in order from the 5′ end of peroxidases):
A random-primed 32 P-labeled oligonucleotide probe (Feinberg and Vogelstein, 1983) was generated from the 258 bp amplification product and used to screen the ovary cDNA. Out of several overlapping clones, clone 6 (2770 bp) was determined to contain the entire coding region (2430 bp). AZAP bacteriophage clones were converted into pBluescript plasmids (Stratagene, La Jolla, USA) by the manufacturer's protocol and designated pSpOp6.
A separate lZAP library was similarly constructed from the ovary poly-A + RNA of L. variegatus. This library was screened using the S. purpuratus ovoperoxidase cDNA (pSpOp6) as a heterologous probes in plaque lift hybridizations. Five bacteriophage clones (3, 4, 8, 9 and 12) containing the entire coding sequence of ovoperoxidase were converted to pBluescript plasmids and named pLvOp 3, 4, 8, 9 and 12).
DNA sequencing
cDNA clones were sequenced by the Sanger dideoxymediated chain termination method (Sanger et al., 1977) using [ 35 S]dATP (Dupont, Boston, MA, USA) and Taq DNA polymerase (Promega Biotech, Madison, WI, USA) by our own lab and the macromolecular sequencing facility at Brown University, using an ABI 377 prism automated DNA sequencer (Perkin Elmer, Foster City, CA, USA). Nucleotide sequence data were assembled and analyzed using the University of Wisconsin Genetic Computer Group (UWGCG) sequence analysis package (Devereux et al., 1984) .
Generation of antisera to recombinant ovoperoxidase
Recombinant ovoperoxidase was synthesized by ligating cDNA encoding amino acid residues 261-788 into the pGEX expression vector (Pharmacia,) downstream from a glutathione S transferase coding region. After expression in E. coli, the GST-ovoperoxidase fusion protein was isolated on glutathione beads essentially as described (Smith and Johnson, 1988) . The purified GST-ovoperoxidase fusion protein was used as an immunogen by mixing with Freund's complete adjuvant and injecting subcutaneously into New Zealand White rabbits. Boost injections were made every 3 weeks for 3 months using Freund's incomplete adjuvant. One week following the last injection, plasma was collected from ears (Harlow and Lane, 1988) .
RNA gel blots
Total RNA from ovaries, eggs, and embryos at several developmental stages was isolated and analyzed essentially as described (Bruskin et al., 1981) using 32 P-labeled oligonucleotide probes synthesized from the ovoperoxidase cDNA clone pSPOp6 (Feinberg and Vogelstein, 1983) . Ten milligrams of total RNA from each sample was electrophoresed through a formaldehyde denaturing agarose gel and transferred to a nylon membrane for hybridizations.
In situ RNA hybridization
Whole mount in situ RNA hybridization was performed using digoxigenin-labeled RNA probes. For detection of ovoperoxidase mRNA, pSpOp6 was digested (either with BamHI and transcribed with T7 RNA polymerase to yield an antisense RNA, or with XhoI and transcribed with T3 RNA polymerase to yield a sense probe). For detection of the transcripts encoding early histones, a BamHI fragment of the genomic clone pLpE (Holt and Childs, 1984) was subcloned into the pBluescript plasmid, linearized with Not I and transcribed using T7 RNA polymerase for an antisense RNA probe. Tissues used for analyses included (1) ovaries containing a developmental range of immature oocytes, as well as meiotically mature eggs and ovarian somatic cells such as accessory cells, (2) meiotically mature eggs, having already extruded two polar bodies and containing a haploid pronuclei, collected by injection of female sea urchins with 0.5 ml of 0.5 M KCl, and (3) several stages of embryos ranging from one cell stage fertilized eggs (zygotes) to plutei larvae, all of which resulted from in vitro fertililization by manual addition of released eggs and sperm and being cultured at 15°C with gentle stirring in artificial sea water. These tissues were fixed, hybridized and the signals were detected as described (Ransick et al., 1993) .
Protein isolations
Ovoperoxidase was isolated from three separate preparations: cell surface complex, cortical granule exudate, and fertilization envelope. Cell surface complex consists of a lawn of cortical granules and the adjacent oocyte membrane to which they are docked. Complex was isolated according to Kinsey (1986) , and stored frozen (−20°C). Cortical granule exudate was isolated according to Weidman and Kay (1986) and stored frozen. Fertilization envelopes were isolated by treating shed eggs with pABA at 10 mM, pH 8.0 (Hall, 1978) for thirty minutes before addition of sperm, to inhibit the crosslinking of envelope proteins and thereby aid in their solubilization for electrophoresis. Envelopes were collected from embryos, one hour after sperm addition, according to Showman and Foerder (1979) and McClay (1986).
Electrophoresis and immunoblot analysis
Proteins isolated from eggs (25 mg), cell surface complex (12 mg), exudate(12 mg), and fertilization envelopes (2.5 mg) were subjected to SDS-PAGE (Laemmli, 1970) followed by immunoblot analysis. For each analysis, samples were pelleted, resuspended in SDS-PAGE sample buffer containing 10 mM DTT (unless otherwise specified) and denatured for 3 min at 100°C. The proteins were resolved on a 7.5% acrylamide gel and either stained with Coomassie Blue or transferred to nitrocellulose for immunolabeling as described (Towbin et al., 1979) . For immunolabeling, blots were washed twice for a total of 1 h in Blotto (3% non-fat dry milk w/v, 170 mM NaCl, 50 mM Tris, 0.05% Tween 20 v/v, without azide) and then incubated for 1 h in Blotto containing ovoperoxidase antisera diluted 1:1500. The blots were then washed three times in Blotto over 30 min and incubated in Blotto with goat anti-rabbit IgG purified antibodies conjugated to alkaline phosphatase and diluted 1:30 000 (Sigma BioSciences, St. Louis, MO, USA). Blots were washed in Blotto three more times over 30 min and finally washed in Blotto without milk. The secondary antibody was detected by BCIP/NBT as previously described (McGadey, 1970) . Controls used in this experiment included blots incubated with antisera to non-related immunogens, and secondary antibody alone. Each of these immunoblots showed no signal (data not shown).
In situ immunolocalization
Immunofluorescence localization of ovoperoxidase was performed on sections of ovary and eggs that were fixed and processed as previously described (Wessel et al., 1984) . Fertilized eggs and embryos were fixed in whole mount preparations to preserve the structure of the delicate envelope (Laidlaw and Wessel, 1994) . Primary ovoperoxidase antisera were diluted 1:10 and the secondary antibody (Cy3-conjugated affinity-purified goat anti-rabbit IgG; Jackson Research) was diluted 1:200. Epifluorescent and Nomarski images were visualized using a Zeiss Axioplan microscope and recorded on Kodak TRI-X Pan ASA 400 film followed by digitally scanning of conventionally-developed photographic prints.
Sequence analyses
Signal peptides were predicted using SignalP (Nielsen et al., 1997) . Protein alignments were constructed using ClustalW version 1.5 (Thompson et al., 1994) . Pairwise alignments against S. purpuratus ovoperoxidase were performed using ALIGN Plus (Scientific and Educational Software). The bootstrapped tree (1000 replicates) was drawn using a ClustalW alignment of the peroxidase regions based on the X-ray crystallography structure of the human myeloperoxidase (Fenna et al., 1995) beginning at Cys 122, thus omitting the dissimilar N-termini of these sequences from the analysis. The tree was constructed in the program Treeview (Page, 1996) . Besides our own ovoperoxidase sequences from S. purpuratus (AF035380) and L. variegatus (AF035381), the following protein sequences (cDNA translations) were used in the analyses: human myeloperoxidase (SP P05164; Chang et al., 1986; Johnson et al., 1987; Morishita et al., 1987; Yamada et al., 1987) , Drosophila melanogaster peroxidase (EMBL X68131; Ng et al., 1992) , Pacifastacus leniusculus, the crayfish peroxinectin (EMBL X91409; Johannson et al., 1995) , D. melanogaster peroxidasin (GB U11052; Nelson et al., 1994) , Sus scrofa, pig thyroid peroxidase (EMBL J03463; Magnusson et al., 1987) , human thyroid peroxidase (Kimura et al., 1987; Seto et al., 1987) , Mus musculus, mouse thyroid peroxidase (EMBL X60703; Kotani et al., 1993) , Mus musculus, mouse myeloperoxidase (SP P11247; Venturelli et al., 1989) human eosinophil peroxidase (Ten et al., 1989) , bovine lactoperoxidase, (EMBL P80025; Cals et al., 1991) human catalase (SP P04040; Quan et al., 1986) , Armoracia rusticana, horseradish peroxidase (SP P00433; Welinder, 1976; Fujiyama et al., 1988) , Sacharomyces cerevisae yeast cytochrome C peroxidase (SP P00431; Takio et al., 1980) .
Note added in proof
The Hemicentrotus pulcherrimus ovoperoxidase cDNA was recently completed by Nomura, Hoshino, and Suzuki and registered as DDBJ/Genbank accession number AB003145. The predicted amino acid sequence is 93% indentical to that of S. purpuratus, and contains a region of 125 amino acids on the N-terminal side of the sequence previously reported as the 'N-terminus' of the native H. pulcherrimus ovoperoxidase polypeptide. The data provided by this additional sea urchin ovoperoxidase confirms our supposition that ovoperoxidase is a highly conserved cortical granule content protein and that it is synthesized as a pre-propolypeptide.
